Background
One component of optimal prices for road use is the marginal cost of road maintenance and renewal. While extensive studies on optimal congestion and environmental charges as well as the respective cost estimates are available much less attention has been paid to the estimation of marginal road infrastructure costs. Econometric studies on cost functions for road infrastructure are rare 1 . Newbery 1988a , Newbery 1988b and Newbery 1989 The analysis described in this paper employs a translog cost function approach to the problem. It analyses the renewal costs of German motorways during the period 1980-1999 based on cross-sectional data on motorway renewal expenditures, factor inputs and factor prices and traffic volume in West Germany. The paper is organised as follows: Chapter 2 discusses the methodological approach. Chapter 3 describes the input data used. Chapter 4 presents the estimation results and derives marginal renewal costs. Chapter 5 concludes.
Methodology
Over the last 30 years economic literature has suggested a variety of different functional forms to describe producers behaviour. The translog approach, introduced for example in
Berndt /Christensen 1973 and Christensen et al. 1975, has Daughety et al. 1985 , De Borger 1992 , Cantos 2000 . While trainkm, gross-tonne-km or passenger-km in rail transport are produced by the rail company with a combination of factor inputs such as energy, material, labour and capital, the factor inputs used for renewal work of motorways are not those used for producing vehicle-km of passenger cars and goods vehicles. The latter are produced by the factor inputs of haulage companies or individuals. The obvious way to define the output of motorway renewal work is a measurement of renewed road, expressed for example as sqm or cbm. This allows an analysis of factor input substitution, productivity and economies of scale. Since the main interest of this paper is to estimate marginal costs of infrastructure use, the logical consequence would be to incorporate traffic volume with the respective second-order and interaction terms into such a basic economic model. However, initial modelling attempts revealed that the strong effect of the output variable, measured as sqm renewed road, leads to insignificant and implausible parameter estimates for the traffic variables, in particular for goods vehicles. Therefore, two different translog models were adopted to analyse motorway renewal costs.
Model I seeks to analyse the economic process of renewing motorways as such, e.g. 
The cost-minimising factor demands are obtained by applying Shephard's (1970) 
The necessary conditions for homogeneity in input prices and for symmetry are Model II establishes the relationship between renewal costs and the traffic volume u fi and u pi of goods vehicles and passenger cars respectively, expressed as the annual average daily traffic volume (AADT). E i are the renewal costs before the period of analysis (defined as catego-rical variable with the levels 0, 1, 2, 3), l i is the number of lanes, a i is the age of motorway sections. The cost behaviour is then described as 
with the input cost share equations
As in model I, the usual conditions for input price homogeneity and symmetry are imposed.
The two models (1) - (4) and (5) Both types of translog models were estimated jointly with the cost-minimising input cost share functions. The estimation involved standardising each variable other than the factor shares, taking logarithms and dropping the last factor share equation by dividing the standardised costs and the labour and capital price by the standardised price of material. The system of equations which provides a seemingly unrelated regression model (SUR model) was estima-ted by means of the constrained ML estimator within the SURE procedure of LIMDEP. This procedure guarantees maximum-likelihood estimates that are invariant with respect to which factor share equation is dropped (Barten 1969) .
Description of input data
The dependent variable, the renewal costs per motorway section, was constructed from two sources. First, the study had access to a data base with a detailed physical, non-monetary The set of explanatory variables contains for each motorway section the factor input quantities and input prices for labour, material and capital, the annual average daily traffic volume (AADT) of passenger cars and goods vehicles 2 , the number of lanes, the type of material used for renewal, the age of motorways at the beginning of the analysis period, the renewal expenditures before the analysis period and the climate conditions (table 1) .
The factor inputs for labour and material were derived from the input quantities (material used and labour hours spent) used in the monetary valuation of physical renewal measures. Capital input was estimated by using regional data on capital stock for equipment in the construction sector. Input prices were derived from official regional statistics.
The traffic data was derived from automatic vehicle counting stations and refers to about 400 motorway sections. Gaps in the data due to failures of the devices and other reasons were closed as long as the share of necessary estimates was small enough not to bias the regression results. In order to account for the influence of maintenance and renewal practice in the past, two variables were introduced: one reflecting the renewal expenditures before the analysis period (as categorical variable due to problems with zero expenditures when taking logarithms), and another one indicating the age of motorway sections 1 . A set of dummy variables indicating the type of construction used for the renewals was introduced to control for the effect of more expensive types of renewal measures on the dependent variable. The final data set contained 221 observations, e.g. substantially less cases than the original data (1837 observations) due to problems with missing or zero observations in one of the variables. Table 2 shows the minimum and maximum values for the variables used and the mean and standard deviation. On average, DM mill. 1.95 (€ mill. 0.997) was spent per motorway section for renewals during the period 1980-1999, (around € 50000 per section and year). With these expenditures around 32000 sqm motorways were renewed. As the AADT figures for 1999
1 Ideally, the analysis should rather consider the number of years having passed since the last renewal. Since the data base does not contain a complete construction and renewal history for all sections it was not possible to construct such a variable. However, the age variable and the past maintenance variable reflect indirectly the influence of construction standards and quality as well as the traffic volume and composition anticipated in the design of motorways at the time of construction, and the renewal practice before the period of analysis.
indicate, the West German motorways belong with an AADT of 26632 passenger cars and 5002 trucks to the highly utilised motorway networks in Europe. Table 3 shows the estimation results for the translog models given in (1) - (4) and (5) - (8).
Estimation results
To start with model I we can observe that almost all coefficients have the expected signs and are significant at 5% critical level. Exceptions are the interaction terms between labour and capital (not significant and wrong sign), between output and material (wrong sign) and the interaction coefficient β yl (not significant). The input cost shares and the price elasticities of factor demand are positive, e.g. it is guaranteed that the estimated cost function is monotonous increasing and concave regarding the input prices. 
Material and labour are complementary factor inputs while capital and labour as well as material and capital are substitutes. However, the substitutability between material and capital is very low. A problem appears to be the value of -165 for ε ll which might be due to the specification problems for β lc , β ym and β yl . Furthermore, we can observe rather price inelastic factor demands with ii ε ranging from 0.17 to 0.48.
Returns to scale were calculated at the sample mean according to Also for model II we can see that almost all parameters of interest have the expected signs and are significant at 5% critical level or at least at 10% level (table 3) . Exceptions are the interaction term between labour and capital, the second-order term for the traffic volume of passenger cars and some of the material dummies. There is a problem regarding the properties of the cost function due to the fact that one input cost share is not positive. We will therefore not analyse and compare the input cost shares and the elasticities between the two models.
The age variable including the second-order and interaction terms as well as the variable indicating past renewal levels were excluded from the original model (5) due to partly wrong signs and missing significance. The failure of specifying a model with age variables might be explained by the fact that the age variable was used as a rather indirect reflection of construction standards and design parameters anticipated in the original road design. Also the categorical variable indicating the level of past renewal expenditures could only serve as a proxy instead of the ideal measurement of the time period between two renewals at each single section. We also excluded the climate variable from the model due to wrong signs of the estimates and missing significance. Obviously, this variable was constructed from a too aggregated set of variables.
1
Most important for pricing policy is to obtain estimates of marginal costs, in case of infrastructure damage costs in particular for goods vehicles and ideally further differentiated for different weight classes. Model II allows this type of analysis. However, because the study had no access to axle-load data, it is restricted to an average figure for goods vehicles. Figure   1 shows the cost elasticity 
Conclusions
In this paper two translog models were estimated to analyse the cost behaviour of renewing motorways in Germany, based on observed spending during the 20 year's period from 1980 to 1999. The first model reflects the economic process of motorway renewals in terms of an output variable, measured as sqm renewed road, and factor input quantities and prices for material, labour and capital, while the second model establishes the relationship between the renewal costs and the use of infrastructure and factor inputs and prices. In our analysis we found substantial economies of scale in the renewal work. The conclusion from this is that the road authorities in Germany which tender the renewal tasks in specified lots to construction companies should think about a larger lot size as far as this does not cause to large traffic restrictions during the construction work. Furthermore, the modelling work revealed very low price elasticities of factor demands, complementarity between the input quantities for material and labour and substitutability between capital and labour and, though to a rather low degree, substitutability between material and capital.
With the second model we have estimated a cost elasticity as the ratio between marginal and average cost per truck-km. From this an important information for pricing policy, the marginal renewal cost per vehicle-km of trucks as part of optimal road user charges was derived.
The estimates are lower than those obtained for renewal work on Swedish roads within an engineering-based study (see Lindberg 2002) , and it can be concluded that the translog approach provides plausible estimates. The marginal cost result in this paper demonstrates clearly the differences between the two approaches. The engineering-based approach assumes that renewal measures which are from the engineering point of view necessary are indeed put into practice, and provides therefore an upper bound of estimates. The econometric approach is based on actual spending which might be below those necessary from an engineering perspective, and provides a lower bound of estimates. Although the findings in this paper confirm this relationship it would be useful to have for one single country results from both approaches since the comparison between Sweden and Germany might be biased to some (unknown) extent.
The value of the analysis presented in this paper can also be seen under practical aspects regarding data availability. The engineering approach requires cross-sectional, annual measurements of road conditions for a time horizon which is long enough to cover complete renewal cycles. This type of data is often hard to obtain. Although the data requirements for the translog approach are considerable too, this approach might be a useful alternative in cases were the measurement data for the engineering approach are not available.
Not unlike many econometric models a proportion of cost behaviour remains at the current stage unexplained. With improvements of the data base, in particular the inclusion of axleload data and further explanatory variables, it is hoped that this problem can be solved. This holds also true for the desire to have marginal cost estimates for different weight classes of goods vehicles. 
